ABSTRACT. In this study, conducted in two different seasons, we aimed to choose parents to obtain promising segregating populations for the extraction of black bean (Phaseolus vulgaris L.) lines that are superior in terms of disease resistance, plant architecture, and grain yield. Twelve parents were arranged in two groups to compose a partial diallel in a 5 x 7 scheme. Group 1 was composed of parents with black grains and erect plant architecture, while group 2 was composed of parents that had carioca grains and were resistant to the main fungal diseases that occur in the common bean. The following traits were evaluated: severity of angular leaf spot (ALS), plant architecture (PAG), and grain yield (YIELD). The data were analyzed according to a partial diallel model using parents and F 1 hybrids. In the genetic control of ALS and PAG, additive effects were predominant, while for YIELD, additive effects were predominant in one season and dominance effects were in another season, because it is a more complex trait than ALS and PAG. For YIELD, we observed an interaction between general combining ability and specific combining ability between seasons. The genes that control ALS, PAG, and YIELD were in eight of the 12 parents evaluated in the diallel. The cultivar 'BRS Estilo' is suitable to use as a parent in common bean breeding in terms of ALS, PAG and YIELD. Recurrent selection is the most recommended option for simultaneously breeding for PAG, YIELD, and resistance to angular leaf spot in bean culture.
INTRODUCTION
The common bean (Phaseolus vulgaris L.) is the most important legume for human consumption in several nations of Latin America, Africa, and Asia (Hnatuszko-Konka et al., 2014) . It is an excellent source of protein, carbohydrates, and minerals such as iron and zinc, in addition to other nutrients (Gepts et al., 2008) . Brazil is one of the greatest producers and consumers of beans in the world (Food and Agriculture Organization of the United Nations, http://faostat3.fao.org/browse/Q/QC/E). Aside from carioca beans, other types of bean are grown in the country, such as black beans, particularly in the states of Rio Grande do Sul, Santa Catarina, Paraná, Rio de Janeiro, and Espírito Santo (Costa et al., 2011) . Although it is the second most consumed bean in Brazil, national black bean production has been insufficient to supply the domestic market, which annually imports more than 100 million tonnes .
The search for new cultivars is routine in breeding programs for this legume, mainly because those currently grown still lack one or more features of some traits simultaneously, such as grain yield, commercial appearance of the grains, plant architecture, and disease resistance. Plants with an erect architecture suffer fewer losses during mechanical harvesting; this facilitates crop management, provides a better quality of grains harvested, and results in a lower incidence of pathogens (Pires et al., 2014) .
Bean diseases are the principal causes of low yield (Coyne et al., 2003) , particularly those caused by fungi such as anthracnose, white mold, angular leaf spot, rust, and fusarium wilt. The use of resistant cultivars is one of the most efficient strategies to control these diseases (Miklas et al., 2006) .
Emphasis has been placed on breeding beans through hybridization, the success of which depends on the efficiency of the parents chosen. Crosses between parents should generate segregating populations with high variability and a suitable average for the selection of superior lines in relation to the traits of interest (Fehr, 1987) . In the efficient choice of parents, diallel crosses are particularly important, as they provide information about the type of predominate gene action and stem from estimates of the general and specific capacity of combination of the parents, which helps the breeder in choosing the most suitable selection strategy.
One limitation of diallel crossings is the large number of crosses necessary in order to evaluate a certain number of parents. Partial diallels consist of crossing two distinct groups of parents, and are mainly used when there is no interest in evaluating crosses arising from parents of the same group (Miranda Filho and Geraldi, 1984) . This allows one to maximize the crosses between parents that are complementary in terms of desirable phenotypes. Essentially, partial diallels correspond to Comstock and Robinson's (1952) Design II, in which the effects of the parents are fixed, and the study of Miranda Filho and Geraldi (1984) and Geraldi and Miranda Filho (1988) , who adapted the diallelic models of Gardner and Eberhart (1966) and Griffing (1956) .
In Brazil, the common bean is cultivated more than one season per year in practically all of the states; therefore, it is subject to different environmental conditions and genotype x environment (G x E) interactions (Torga et al., 2013) . Obtaining superior lines that are adapted to various environments is one of the basic objectives of bean breeding. However, the breeder often only considers the effects of the G x E interaction in the cultivar recommendation phase.
The G x E interaction is the differential expression of genes in relation to the environment in which the genotypes are evaluated, and it is possible to select genotypes that have little interaction with the environment. The G x E interaction should be considered in the initial phases of breeding programs, in which the evaluation of the diallel is conducted in different environmental conditions for a more accurate choice of parents. This early evaluation is particularly relevant when it refers to quantitative traits that, generally speaking, are governed by many genes and have great environmental influence, such as grain yield and plant architecture (Kelly and Adams, 1987) .
In summary, there is a continual search for superior cultivars and a lack of studies that evaluate the G x E interaction during the initial phases of bean breeding programs. Therefore, in this study that was conducted in two distinct seasons, we aimed to select parents in order to obtain promising segregating populations for extracting superior black bean lines in terms of plant architecture, disease resistance, and grain yield.
MATERIAL AND METHODS
Five black bean parents and seven carioca bean parents were used, all of which differed in terms of architecture (PAG), severity of angular leaf spot (ALS), and grain yield (YIELD) ( Table 1) . These parents were crossed in a partial diallel scheme. The five black bean parents ('L 20', 'Xamego', 'TB 94-01', 'BRS Valente', and 'Diamante Negro') made up group 1, while the seven carioca bean parents ('RP 1', 'BRS Estilo', 'VC 12', 'VC 20', 'CNFC 10720', 'MAI 1813', and 'VC 16') The crosses were conducted in a greenhouse at the Department of Plant Science of Universidade Federal de Viçosa (UFV) without emasculation of the floral bud, as described by Peternelli et al. (2009) . The F 1 seeds obtained were sown in a field together with the parents, totaling 47 treatments (35 hybrids + 12 parents), in the winter of 2012 and dry season of 2013, in a randomized block design with three replications. The plots were composed of three 1-m lines, with a plant density of 15 seeds per meter and 0.50 m between each line.
The experiments were conducted at the Coimbra Experimental Station in Coimbra, MG, Brazil, which belongs to the Department of Plant Science of UFV (690 m above mean sea level, 20°45'S and 42°51'W). The crop treatments adopted were recommended for bean cultivation in the region.
The evaluation of PAG and ALS was conducted in the winter of 2012 and the dry season of 2013. PAG was evaluated close to harvest using the grading scale proposed by Ramalho et al. (1998a) . This scale ranges from 1 to 5 in the following manner: 1, erect plant with a stem and a few branches; 2, erect plant with some branches and a short guide; 3, semiprostrate plant with branches and a medium guide; 4, prostrate plant with branches and a long guide; 5, completely prostrate plant with many branches and very long guides.
ALS was evaluated based on the natural occurrence of the disease in the field, using a grading scale modified by Inglis et al. (1988) . This scale ranges from 1 to 9 in the following manner: 1, plants without any symptoms of disease; 3, presence of lesions on 5 to 10% of the foliar area, without sporulation of the pathogen; 5, presence of lesions on more than 20% of the foliar area and presence of several sporulated lesions; 7, presence of lesions on more than 60% of the foliar area with symptoms of chlorosis and necrosis; 9, lesions on 90% of the foliar area, frequently associated with defoliation and plant death. After harvest, the plants were threshed, weighed, and YIELD was measured in kg/ha.
Statistical analyses
The data were subjected to analysis of variance and the averages of YIELD, PAG, and ALS of the parents and of the F 1 hybrids were analyzed using the Griffing model (1956) adapted for partial diallels by Geraldi and Miranda Filho (1988) , according to the following model:
where Y ij is the average of the cross that included the i th parent of group 1 and the j th parent of group 2; μ is the general average of the diallel; d 1 and d 2 are the contrasts that include the averages of groups 1 and 2 and the general average; g i is the effect of the general combining ability (GCA) of the i th parent of group 1; g' j is the effect of the GCA of the j th parent of group 2; s ij is the effect of the specific combining ability (SCA); and e ij is the average experimental error. The effect of genotype was considered as fixed and the effect of season was considered as random. The Genes program (Cruz, 2013) was used for all of the statistical analyses.
RESULTS AND DISCUSSION
YIELD and PAG were evaluated in the winter of 2012 and the dry season of 2013. Evaluation of ALS was only conducted in the winter of 2012 because of the natural occurrence
of this disease in the field. The coefficients of experimental variation for all three traits were below 20% (Table 2) , indicating good experimental precision, and are in accordance with the values reported for experiments of this nature on bean cultures (Menezes Oliveira et al., 2015) . In the diallelic analysis, sources of treatment variation included the effects of the GCA of groups 1 and 2 (GCA 1 and GCA 2 ), the SCA, and the contrast between the averages of the two parental groups (G 1 vs G 2 ) ( Table 2 ).
*,**Significant at the 1 and 5% levels of probability, respectively, according to a Student t-test; ns = not significant; d.f. = degrees of freedom; MS = mean square; CV = coefficient of variation. 
Estimates of GCA and SCA in relation to ALS
The contrast of G 1 versus G 2 was significant ( Table 2 ), indicating that the two groups of parents differed in regards to resistance to angular leaf spot. Group 2 was superior, as it had a lower average score for the severity of the disease. The GCA of the parents of both groups, and the SCA of the hybrids, also had a significant effect in relation to ALS, indicating a difference in the concentration of favorable alleles between the parents of the same group and genetic divergence between the parents from different groups. There was a predominance of additive effects in the genetic control of resistance to angular leaf spot, as demonstrated by the greater value for the sum of squares of the GCA (GCA 1 + GCA 2 ) than that for the sum of squares of the SCA. Borel et al. (2011) also reported a predominance of additive effects in the genetic control of resistance to angular leaf spot when evaluating the natural occurrence of the disease in the field.
Considering the averages of the parents and hybrids (Table 3) , we observed positive and negative dominance deviations, indicating that recessive and dominant genes, respectively, are involved in the genetic control of resistance to angular leaf spot. Considering the crosses involving the parent 'BRS Estilo', which had a severity score of less than 3 (resistant parent), the hybrids 'L 20'/'BRS Estilo', 'Xamego'/'BRS Estilo', and 'TB 94-01'/'BRS Estilo' exhibited positive deviations, whereas the hybrids 'BRS Valente'/'BRS Estilo' and 'Diamante Negro'/'BRS Estilo' exhibited negative deviations. The occurrence of dominant and recessive genes involved in the genetic control of a trait complicates its breeding. In this situation, one strategy would be to advance the generations in a way that determines the alleles, be they dominant or recessive, in order to make the selection effective.
The results of some previous studies indicate that the genetic control of resistance to angular leaf spot is monogenic or oligogenic (Caixeta et al., 2003; Mahuku et al., 2004) . In these studies, the study of inheritance was based on only one parental cross. However, it should be noted that the occurrence of different breeds of angular leaf spot has been reported in the literature (Sartorato, 2002; Sartorato and Alzate-Marin, 2004) . Amaro et al. (2007) reported a gradation in symptoms among lines considered susceptible to angular leaf spot, and suggested that part of this gradation can be attributed to environmental effects and the polygenic control of the trait, because resistance to angular leaf spot has a complex inheritance. Borel et al. (2011) also reported that the inheritance of resistance to angular leaf spot is complex in some situations, with low-effect genes and environmental effects acting together with large-effect genes or modifying genes.
*,**Significant at the 1 and 5% levels of probability, respectively, according to a Student t-test. When breeding complex inheritance traits, some breeders have successfully used the recurrent selection strategy in bean breeding, such as in the cases of precocity , resistance to angular leaf spot (Amaro et al., 2007) , PAG (Pires et al., 2014) , and carioca-type YIELD (Ramalho et al., 2005) . In the case of resistance to angular leaf spot, Amaro et al. (2007) obtained genetic progress of 6.4% per cycle in four cycles of recurrent phenotypic selection using this strategy. In autogamic plants, choosing populations with great potential maximizes the chances of success in breeding programs (Ramalho et al., 2001) . Therefore, diallel GCA and SCA estimates facilitate the identification of potential parents for the breeding of complex inheritance traits in terms of favorable allele frequency and divergence between crossed parents.
Regarding estimates of the effects of GCA on ALS (Table 3) , in group 1, the parents 'Xamego' and 'BRS Valente' were noteworthy, and in group 2, 'BRS Estilo', 'VC 20', and 'CNFC 10720' had the lowest significant estimates of GCA. Low scores indicate parents with high resistance to angular leaf spot. However, it is worth noting that although there was a significant effect of the GCA of group 1, the frequency of the alleles for resistance to angular leaf spot in these parents was low because of their high scores for disease severity (Table 3) . These results can be explained by the fact that, in a partial diallel, these estimates are arrived at for each group, using the opposite group as testers, so that the GCA estimate of one parent is a function of the difference in allelic frequency between all of the parents in the opposite group. Therefore, of the parents evaluated, only 'BRS Estilo' from group 2 had a significant negative GCA that was associated with a severity score of less than 3.
In terms of the SCA estimates, which in a diallel indicate the diversity of the crossed parents, the crosses 'BRS Valente'/'BRS Estilo' and 'Diamante Negro'/'BRS Estilo' stood out (Table 3) because of the greater frequency of favorable alleles that are involved in resistance to angular leaf spot. Therefore, the parents 'BRS Valente' and 'Diamante Negro', although susceptible (with severity scores higher than 6), possess genes that are complementary to angular leaf spot resistance genes that are present in the parent, 'BRS Estilo'.
Estimates of GCA and SCA in regards to PAG
The contrast between the two groups was only significant in the dry season of 2013 ( Table 2 ), indicating that it was only in this season that the groups differed in terms of PAG. Group 1 was superior as it had lower average PAG scores, which is indicative of plants with erect architecture. It is worth mentioning that the scores of the parents were all lower than 3.3, indicating an elevated frequency of favorable alleles in the control of PAG among the parents involved in the diallel.
In the winter of 2012, only the GCA of the parents of group 1 (GCA 1 ) had a significant effect ( Table 2 ), indicating that there was a difference in the concentration of favorable alleles only among the parents of this group. In the dry season of 2013, there was a difference in the frequency of favorable alleles among the parents within each of the two groups of the diallel, as the GCA of the parents of both groups had significant effects. The SCA estimates in both seasons were not significant, indicating low genetic divergence among the parents of the two groups.
The sum of squares of the GCA (GCA 1 + GCA 2 ) was higher than the sum of squares of the SCA, indicating that there was a predominance of additive effects in both seasons for this trait. These results were expected, because the effect of SCA was not significant in the two seasons. A predominance of additive effects for PAG was also reported by Silva et al. (2013) when evaluating 14 lines of different bean types (carioca, black, and mulatinho) and their hybrid combinations in a partial diallel.
The parents 'TB 94-01' and 'L 20' from group 1 and 'VC 16' and 'BRS Estilo' from group 2 had the lowest significant GCA estimates in the winter of 2012. The parent 'TB 94-01' was noteworthy in both of the seasons in terms of the frequency of favorable alleles for PAG (Table  4) . Among these parents, only 'BRS Estilo' stood out for resistance to angular leaf spot (Table 3) .
*,**Significant at the 1 and 5% levels of probability, respectively, according to a Student t-test. The joint diallelic analysis revealed a non-significant effect of the genotype x season interaction ( Table 5 ), indicating that there was no difference in the behavior of the genotypes in the different seasons in relation to PAG. Non-significant G x E interactions for PAG have also been reported by other authors in bean cultivation (Moreto et al., 2007; Oliveira et al., 2015) . The interactions GCA 1 x season, GCA 2 x season, and SCA x season were also non-significant (Table 5 ).
*,**Significant at the 1 and 5% levels of probability, respectively, according to an F-test; ns, not significant; d.f., degrees of freedom. CV, coefficient of variation. According to Teixeira et al. (1999) , the main problem in breeding for PAG is environmental influence, i.e., highly favorable conditions, such as high humidity, or unfavorable conditions, such as extreme dryness, can complicate the discrimination of genetically distinct genotypes and result in them exhibiting the same PAG pattern.
In our study, discrimination of the parents in terms of PAG was more effective in the dry season of 2013 than in the winter, because the GCA estimates of both of the groups and the contrast G 1 vs G 2 were significant in the dry season, indicating a difference between the groups of parents in the frequency of favorable alleles expressed in this environment. The non-significance of the GCA estimates, and of the contrast G 1 vs G 2, corroborates the fact that winter is the best season in which to discriminate for PAG. It is worth mentioning that winter sowing occurred at the end of August 2012. Therefore, this season could have been subjected to greater moisture because of the rain that starts in this region in September, which contributes to greater vegetative development and consequently decreases the discrimination of the plants in terms of architecture (Teixeira et al., 1999) .
Estimates of GCA and SCA in terms of YIELD
The contrast between the two groups was only significant in the winter of 2012 ( Table  2 ), indicating that the groups only differed in terms of YIELD in this season. Group 2 was superior, as it had a higher average value for this trait. In the winter of 2012, significant effects of GCA 2 and SCA were observed ( Table 2 ). The sum of squares of GCA (GCA 1 + GCA 2 ) was greater than the sum of squares of SCA, indicating that there was a predominance of additive effects in this season on the genetic control of YIELD. In the dry season of 2013, significant effects for estimates of GCA 1 , GCA 2 , and SCA were observed. In this season, dominance effects predominated in the genetic control of YIELD. These results suggest that the genes involved in the genetic control of YIELD are expressed differently in different seasons. Some previous studies have reported the predominance of additive effects (Kurek et al., 2001; Mendes et al., 2009) , while others have reported a greater importance of dominance effects Vale et al., 2015) in the genetic control of bean yield.
Regarding the GCA estimates (Table 6 ), the parents 'BRS Estilo' and 'CNFC 10720' from group 2 were noteworthy, with significant GCA estimates in the winter of 2012. In the dry season of 2013, the parents 'Diamante Negro' of group 1 and 'VC 16' of group 2 stood out. These parents had a greater frequency of favorable alleles in the genetic control of YIELD. *,**Significant at the 1 and 5% levels of probability, respectively, according to a Student t-test. In regard to the hybrid combinations, in the winter of 2012, the crosses 'BRS Valente'/'BRS Estilo', 'L20'/'BRS Estilo', and 'Diamante Negro'/'BRS Estilo' were noteworthy because they had significant SCA estimates (Table 6) , with at least one parent with a high GCA. In the dry season of 2013, the crosses that stood out were 'TB 94-01'/'VC 16' and 'BRS Valente'/'VC 16'. The SCA effect is useful in breeding, because its magnitude indicates the dimension of variability that can be exploited in each population, and there is a greater probability of obtaining transgressive segregants when the SCA effect is large. Some hybrid combinations, even though they did not have significant SCA estimates, are promising for extracting lines. For example, in the winter, all of the crosses that involved the parent 'BRS Estilo' had positive SCA estimates, and all of the hybrids surpassed the average of the parents by more than 800 kg. The cross 'Diamante Negro'/'CNFC 10720' surpassed the average of the best parent ('CNFC 10720', 3492.8 kg) by 222 kg, and exhibited heterobeltiosis. In the dry season of 2013, the crosses 'BRS Valente'/'VC 16' and 'Diamante Negro'/'VC 16', which also had non-significant SCA estimates, surpassed the average of the best parent by 1022 and 1365 kg, respectively.
In regards to ALS and YIELD, group 2 had lower average severity scores than group 1 in the winter, and consequently was statistically superior in terms of YIELD (Table 2) , because the high ALS scores in group 1 reduced the YIELD of this group. In the dry season, there was no incidence of disease, as indicated by the non-significance of the contrast G 1 vs G 2 for YIELD. In the dry season, the parents 'BRS Estilo' and 'CNFC 10720' stood out in terms of the frequency of favorable alleles. These parents are also noteworthy in terms of ALS, because they had the lowest severity scores among the parents of the two groups. These results corroborate those of Amaro et al. (2007) , who conducted recurrent phenotypic selection for resistance to angular leaf spot and obtained a genetic progress of 6.4% per cycle for resistance to angular leaf spot and 8.9% for YIELD.
The joint analysis indicated that there were significant effects of the genotype x season interaction on YIELD (Table 5) . Seasonal effects were confounded by the effects of year, because the winter season was evaluated in 2012 and the dry season in 2013. Ramalho et al. (1998b) reported that the most important interactions for the common bean are genotype x season and genotype x year. Torga et al. (2013) concluded that it is more important to evaluate genotypes in different seasons and years rather than in different locations. Therefore, by evaluating the diallel in different seasons and/or years, the G x E interaction can be considered during the initial phase of breeding programs, which could result in obtaining lines with greater adaptability and behavioral stability. It is important to note that, owing to the difficulty of obtaining sufficient numbers of F 1 seeds, diallel evaluation in more than one environment and/or season with genotypes in the same generation, mainly the F 1 , is difficult.
The joint analysis also revealed significant effects of GCA 1 x season, GCA 2 x season, and SCA x season (Table 5 ). These results suggest that interactions between GCA, SCA, and season/year are highly complex. Therefore, one option for maximizing the potential of segregating populations (such as sources of lines) by increasing adaptability and behavioral stability would be to conduct multiple crosses among suitable parents in each season. However, the probability of success using this method is low, because of the large number of genes involved in the control of these traits (Carneiro et al., 2002) . Furthermore, according to Ramalho et al. (2012) , over the course of successful inbreeding in autogamous species, offspring isolation occurs, making it impossible to take advantage of the favorable alleles present in different individuals except by interbreeding among them. In this situation, one of the main options is the use of recurrent selection, in which favorable alleles are accumulated in several stages. According to Menezes Júnior et al. (2013) , the use of recurrent selection in bean culture also makes breeding programs more dynamic and organized.
Considering ALS, PAG, and YIELD, we found genes of interest in eight of the 12 parents involved in the diallel. This fact, combined with the interactions between GCA, SCA, and season/year for YIELD, indicates that the recurrent selection strategy is the most promising strategy for breeding these traits. Therefore, beginning with this study, UFV has begun a black bean breeding program using recurrent selection, in order to extract superior lines in terms of disease resistance, PAG, YIELD, and appearance simultaneously.
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